We demonstrate a large enhancement of the spin accumulation in monolayer graphene following electron-beam induced deposition of an amorphous carbon layer at the ferromagnet-graphene interface. The enhancement is 10 4 -fold when graphene is deposited onto poly(methyl metacrylate) (PMMA) and exposed with sufficient electron-beam dose to cross-link the PMMA, and 10 3 -fold when graphene is deposited directly onto SiO 2 and exposed with identical dose. We attribute the difference to a more efficient carbon deposition in the former case due to an increase in the presence of compounds containing carbon, which are released by the PMMA. The amorphous carbon interface can sustain very large current densities without degrading, which leads to very large spin accumulations exceeding 500 µeV at room temperature.
Graphene has attracted the attention of the spintronics community due to the long spin lifetimes and long spin relaxation lengths expected from its small intrinsic spin-orbit coupling and the lack of hyperfine interaction with the most abundant carbon nuclei ( 12 C). 1,2 Nonlocal spin valves 4, 5 (NLSV) comprising ferromagnetic contacts and a graphene channel 6 are of particular interest because of the ease to manipulate the spin during transport by external electric fields or by modifying the graphene physical properties through the addition of adatoms. 1, 3 They can also be used to study spin torque switching 7, 8 or spin Hall effects, 9 if large spin accumulation and large pure spin currents are achieved.
Depending on the interface characteristics between the ferromagnet (FM) and graphene, graphene NLSVs have been classified into three types: those having Ohmic, pinhole or tunneling contacts. 10 Because of the so-called conductance mismatch and the spin absorption at both injector and detector FMs, the spin injection efficiency, i.e. the effective spin polarization, is strongly suppressed for Ohmic contacts. Typical reported nonlocal spin magnetoresistances in this case, i.e. the overall change ∆R NL in the nonlocal spin resistance between the parallel and antiparallel configuration of the electrodes magnetizations, are in the range of a few mOhms to a few tenths of mOhms. 11 Larger ∆R NL 's have been obtained by placing an insulator between graphene and the FMs, which helps circumvent the conductance mismatch, and reduce the spin absorption in the latter. 6, 10 The used insulators are typically MgO or AlO x , because of their success for tunnel magnetoresistance.
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In this way, ∆R NL was observed to increase to up to a few Ohms (pinhole barrier) or a hundred Ohms (tunnel barrier). to acetone, which is used during the lift-off process after the Co contact deposition. PMMA is known to be a suitable high-κ dielectric substrate for graphene devices, 26 as well as for the fabrication of insulating or hydrophobic layers. 27 It also increases the presence of carbon-rich molecules in the environment during EBID, therefore changing the aC EBID dynamics.
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The device design and the nonlocal spin valve measurement scheme 4, 5, 28 are shown in demonstrate that R C systematically increases from A to B to C devices. After subtracting the resistance from the leads and graphene (measured in four point configuration), 30 we 5 estimate that R C is ≤ 100 Ωµm 2 for type A devices, as observed previously. 11 For type B and C devices, R C increases significantly to about 300 and 1000 Ωµm 2 , respectively. Numerical differentiation of the IV-measurements [inset of Fig. 2(a) ] reveal nonlinearities in these devices that are not observed in the type A ones, which is an indication of differences in the character of the electronic transport. Previous studies in metal-carbon nanotube contacts fabricated by EBID presented similar features, which were associated to a combination of tunneling and ohmic resistances. 19 However, as in the case for nanotubes, further studies are required to identify the precise nature of our FM/aC/graphene contacts. and type C devices is about 0.5 nm and 4 nm, respectively. These values likely represent an upper limit for the thickness because roughness in the aC films and tunneling transport would effectively increase the contact resistance. It is also plausible that a small amount of carbon on graphene changes the deposition dynamics of the cobalt that follows, leading to a different structure at the interface and, perhaps, to different characteristic resistance and polarization. 31 The coexistence of two structures with similar energy was recently observed in graphene on Ni(111).
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NLSV measurements for typical A, B and C devices are shown in Fig. 2(b) in the same scale. We have found that ∆R NL for type B devices varies from hundreds of mOhms to the lower Ohms range, which is three orders of magnitude larger than the values for our type A devices. The enhancement is so large that the features of the measurements shown in Fig.   1 (d) cannot be resolved in Fig. 2 (b) and appear as a straight line. For type C devices, ∆R NL is even larger, typically about ten Ohms (≈ 8 Ohms for the device in Fig. 2 ). This represents an additional order of magnitude increase and, therefore, up to a 10 4 -fold overall enhancement when comparing with type A devices. ∆R NL in type B and C devices compares well with the reported values for pinhole contacts using MgO or AlO x . 6,10,33 Notably, very high-current densities can be applied to our contacts without deteriorating them. As shown in the inset of Fig. 2 (b) , we are able to achieve very large absolute nonlocal spin voltages of about 500 µV, which is the largest value reported to date in any material.
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The introduction of disorder in graphene by the e-beam is unlikely at an acceleration volt-6 age of 30 keV, which is below the knock-on damage threshold of carbon nanostructures.
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This agrees with the fact that we found no correlation between the carrier mobility of the graphene sheet and the exposure to the e-beam dose, even when graphene is fully exposed.
Indeed, graphene on cross-linked PMMA frequently exhibits higher mobility and lower residual doping than graphene on SiO 2 . The mobilities of the above devices were of about 2000 to 3000 cm 2 /Vs but in some cases it can exceed 20000 cm 2 /Vs for fully exposed graphene.
We also performed spin precession (Hanle) measurements to determine the spin relaxation length λ sf of the type A and B devices in Fig. 2 . Such measurements were not possible for type A devices because of the small signal and the large spin absorption by the contacts.
By fitting the measurements to a one-dimensional model, 4, 6 we obtain λ sf ≈ 1.3 µm. The distance between the contacts is therefore smaller than λ sf and minor changes in λ sf cannot change the magnitude of R NL significantly. The Hanle measurements also deliver the effective polarization P of the electrodes and the spin lifetime τ sf in graphene. For the devices in the present paper, τ sf is smaller for device C (85 ps) than for device B (145 ps). However, τ sf is in the range of 100 to 200 ps for most devices and we found no clear correlation between the spin lifetime and the type of contact (B or C) or type of substrate (PMMA or SiO 2 ). On the other hand, P can be up to 10 to 15% for both B and C devices, but tends to be smaller for the former, where it can be as low as a few percent. The extracted values of P , τ sf and λ sf are of the same order to those observed in devices with similarly short injector/detector separation (∼ 1µm) or with pinhole barriers, where contact dephasing might play a role.
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We thus argue that the increase in R C is solely due to EBID. In the case of type B devices, the aC originates from the hydrocarbons present in the chamber of the e-beam lithography system, as previously observed. 19, [22] [23] [24] The additional increase in R C for type C devices might be associated to the release of carbon-rich molecules from the PMMA layer, which may act as precursors and decompose in the electron-beam irradiated area, resulting in a larger aC-deposition rate than at the residual chamber pressure.
22
Despite the fact that no signs of degradation of the graphene sheet are observed after EBID, if possible, one should perform the EBID step in the contact region only, as shown in Fig. 1 (b) , which leaves the graphene between the contacts completely unaffected. This could be relevant for efficient cleaning of the graphene sheet because, as recently pointed out, 25 amorphous carbon might leave residues even after current annealing following EBID.
Finally, an additional step in R NL as a function of B, which is due to the switching of An analogous argument can be made in relation to the second injector. Thus, the fact that this feature occurs most notably for type C devices further corroborates our hypothesis of the formation of an aC interface layer that increases the contact resistance between Co and graphene and leaves graphene unaffected.
In conclusion, we have implemented graphene-based NLSVs. Nonlocal measurements
show that an amorphous carbon layer at the FM/graphene interface, which is deposited by e-beam induced deposition, can result in a large enhancement in the spin injection/detection efficiency, even at large applied injection currents. We found a 10 4 -fold enhancement in com- 
